Abstract-This is a perspective of the role that combustion synthesis, specifically solution combustion synthesis, has played in the development of ternary and quaternary metal oxide semiconductors, and materials derived from these compounds such as composites, solid solutions, and doped samples. The attributes of materials, collectively termed 'complex oxides' within the context of this discussion, are discussed in terms of their applicability in the generation of solar fuels from water splitting and CO 2 reduction, and environmental pollution remediation via heterogeneous photocatalysis.
INTRODUCTION
Metal oxides are important from both fundamental chemistry and practical application perspectives. They occur, in the solid state, in a fascinating array of crystallographic structures and polymorphs. Both their surfaces and bulk can be chemically altered to impart striking effects on their optoelectronic, charge transport, magnetic, or catalytic properties. The library of possible materials can be expanded by variation of both cationic and anionic sub-lattices within the oxide structure [1] [2] [3] [4] . These, in turn, lead to a wide array of application possibilities in energy conversion, energy storage, microelectronics, magnetic devices, etc. Metal oxides can be electronically conducting or insulating, and their optical transparency can be tuned to afford a class of important technological materials termed transparent, conducting oxides or TCOs. Further, they can also exhibit semiconductor behavior and be made in either n-or p-type form. Utilization of sunlight using metal oxide semiconductors via artificial photosynthesis (to photoelectrochemically generate solar fuels) or photocatalytic degradation of environmental pollutants has attracted much attention in recent years [5] [6] [7] . Although photocatalytic degradation of pollutants has found limited commercial success, artificial photosynthesis still languishes in the research laboratory in the absence of a "magic bullet" oxide semiconductor.
Photoelectrochemical generation of solar fuels demands a rigorous (even conflicting) set of material attributes including chemical/electrochemical robustness under irradiation, optimal optical attributes that match the solar spectrum, and exceptional bulk carrier transport and surface electrocatalytic attributes [5] [6] [7] . Furthermore, the component element(s) must be earth-abundant and non-toxic. Thus it is hardly surprising that no metal oxide has emerged so far, even after ~4 decades of research. The on-going search (the so-called Holy Grail, Ref. 8) has expanded beyond binary oxide semiconductors to ternary or even quaternary metal oxides [4] . Composites of multiple metal oxides, solid solutions of metal oxides, and doping are attractive strategies for tweaking materials attributes for photoelectrochemical and photocatalytic applications. Control of the metal oxidation state (for example, the ratio of copper in the +1 or +2 states in copper oxide) in a solution combustion synthesis (SCS) environment is another intriguing avenue in this regard. Within the context of the present article, all these materials aspects are collectively termed as "complex oxides." While precedent reviews and a monograph exist for the combustion synthesis of binary metal oxides in general [9] [10] [11] [12] [13] [14] [15] [16] [17] , including from one of us previously [16] , we are not aware of an instance where combustion synthesis-derived complex oxides have been discussed from the above perspectives. This then constitutes the main theme of the present article with examples drawn from recent work in both our laboratories in the United States and in Hungary. 
SYNTHETIC ASPECTS AND MECHANISTIC UNDERSTANDING
Where does combustion synthesis stand relative to other candidates available for the synthesis of metal oxides in nanocrystalline (powder) form? Table 1 shows relevant aspects.
It is noted, as also exemplified by the other contributions in this special volume celebrating the successes of combustion synthesis, that there are many variants of combustion synthesis. For example, spray pyrolysis has been combined with combustion synthesis for preparing TCO films [18] . Indeed, the variant commonly deployed in most works, including our own, utilizes the so-called volume solution combustion mode [19] . Figure 1 outlines the essence of this commonly-used approach.
The main handicap of the SCS approach is mostly associated with the lack of thermal control since the synthesis basically occurs in an explosive environment. Therefore, other, more controllable variants (e.g., self-propagating sol-gel combustion, Ref. 19) have been developed; see also other papers in this issue.
The other handicap is that visualization of dynamic events occurring during the SCS itself is hampered, precluding close monitoring of the reaction progress and mechanisms. There is a fertile field of opportunity here for the development of operando techniques, especially based on optical (e.g., infra-red) probes that may be profitably inserted into the SCS environment. In other variants of SCS, thermocouples have been used in the combustion tube to measure the combustion temperature and burning velocity [20] . Nonetheless, some degree of understanding of the mechanistic aspects of SCS may be gleaned by the use of thermal analysis (i.e., differential scanning calorimetry, DSC and thermogravimetric analysis, TGA) on the SCS precursors. An example is contained in Fig. 2 .
A quick gauge of the ignition temperature and exothermicity of a given reaction mixture can be attained by simulating SCS using DSC-TGA. A representative DSC-TGA profile for a SCS precursor is shown in Fig. 2 . Different stages in Fig. 2 (shown by dashed lines) can be identified with: (a) endothermic loss of water, (b) combustion reaction, (c) removal of carbonaceous materials, and (d) final product formation with constant mass. In Fig. 2 , the DSC peak at 200°C confirms the exothermic nature of the reaction and concurrent loss of mass corroboates the evolution of gaseous products (cf. Fig. 1 ). The constant mass regime 'd' in the TGA scan (Fig. 2) reflects the refractory nature of most metal oxides. Interestingly, use of data such as those in Fig. 2 also serves to carefully delineate the temperature chosen for post-synthesis thermal anneal. This step is sometimes needed for improving the morphology of the oxide sample for the targeted application. (Fig. 3) . The low F/O ratio regime corresponds to the most oxidative environment, consequently the most oxidized species (CuO) is formed under these circumstances. With an increase of the F/O ratio, alterations in the XRD profiles are seen (Fig. 3) , with the gradual appearance of the more reduced products (i.e., Cu 2 O, Cu, Cu 3 N). The nitride product is somewhat surprising and the mechanistic aspects underlying its formation (see below), requires further study, beyond the scope of this discussion.
Careful inspection of the XRD patterns furnished further insights on the composition. Figure 4 compares diffraction patterns recorded for samples synthesized with four different F/O ratios, and the position of the most relevant diffraction of the possible components is also presented. At low F/O ratios, the CuO 
phase was formed almost exclusively. Importantly, all CuO-related diffractions can be identified without the presence of any minority phase. With the increase of the F/O ratio, diffractions related to the Cu 2 O phase appeared first, as deduced from the reflections at 2θ = 36.5, 42.4, and 61.5°. With further increase of the fuel content, the CuO phase was completely attenuated, while reflections related to metallic Cu developed. Finally, at very high F/O ratios, diffractions of Cu 3 N were spotted, together with the development of diffractions related to a mixed oxide-nitride phase.
To assess the role of the reducing power of the fuel, the same set of experiments was carried out with urea. Similar trends were revealed, but similar compositions were obtained at different F/O ratios for the two systems. The higher reducing power of HMT is demonstrated in Fig. 5 , where the oxide reaction product was more Cu-rich, compared to its counterpart synthesized with urea fuel, under otherwise identical conditions. That is, the composition was skewed to a Cu/O ratio that was somewhat less than the predicted 2 : 1 level.
SCS OF TERNARY AND QUATERNARY METAL OXIDES
A variety of binary metal oxides have been prepared via combustion synthesis. The earlier review articles cited above [11, 12, 16] provide a summary of this corpus of studies. Table 2 provides a compilation of ternary and quaternary metal oxides that have been derived from combustion syntheses. An impressive array of oxides spanning many important crystallographic structures has been synthesized using an equally diverse range of fuels. The effect of fuel in controlling the combustion intensity and thus the temperature attained is reflected in the corresponding range of nanoparticle morphology attributes (Columns 5-7) in Table 2 .
Examples of data, reflecting the influence of SCS variables on the sample attributes, are morphology although these are as yet rather sparse on ternary oxides, confined only to a limited number of them. Different fuels such as urea, glycine, carboxymethylcellulose, citric acid, DL-malic acid and mixed fuels were applied for synthesizing BiVO 4 [41] [42] [43] . Use of urea or glycine showed a trace amount of V 2 O 5 as impurity which was believed to be due to the lack of chelation of Bi 3+ and ions in the precursor mix- ture [41] [42] [43] . When citric acid, carboxymethylcellulose and DL-malic acid were used as fuel, it formed a single phase BiVO 4 due to their strong chelating action maintaining a homogeneous precursor mixture [41] [42] [43] . In terms of BET surface area, glycine and urea produced the lowest surface area values which can be correlated with their strong reducing power. While producing the maximum combustion temperature as a result, agglomeration of particles is an unfortunate consequence. On the other hand, use of carboxymethlycellulose or DL-malic acid led to the formation of single phase BiVO 4 with higher surface areas, i.e. 3.00 and 13.86 m 2 /g respectively, presumably stemming their slow, controlled combustion [41] . Similarly, precursor chemistry also influences the purity of the final product. In the SCS of CuWO 4 , ZnWO 4 and Ag 2 WO 4 , two different types of precursors namely Na 2 WO 4 · 2H 2 O and (NH 4 ) 2 WO 4 , were used for the tungsten source [45] . Interestingly, Na 2 WO 4 · 2H 2 O produced almost pure product while binary WO 3-x was always present as impurity when (NH 4 ) 2 WO 4 was used as tungsten source [45] .
The F/O ratio was found to exert a great influence on the purity and product quality in the SCS of Bi 2 Ti 2 O 7 [50] . Propulsion chemistry principles teach that a maximum temperature can be achieved when the ratio is 1 (i.e. stoichiometric conditions). However, fuel-rich or fuel-lean conditions can often produce a superior product in terms of desired phase, better crystallinity, higher surface area etc. In the case of Bi 2 Ti 2 O 7 with HMT as a fuel, only an amorphous product was formed when F/O = 1.5 or less. However, increasing F/O to 2.0 produced a well-crystallized material [49] . A similar trend was also found for the combustion synthesis of FeAl 2 O 4 and MgAl 2 O 4 [24] [25] [26] . For the synthesis of FeAl 2 O 4 , different molar ratios of urea (3 to 7) were used; excess urea reduced the surface area and increased the particle size. However, after a certain F/O ratio, the surface area started to increase [24] .
COMPOSITES OF TERNARY METAL OXIDES, DOPED SAMPLES, AND SOLID SOLUTIONS VIA SOLUTION COMBUSTION SYNTHESIS
The distinction between composites and solid solutions relates to how two or more components are dispersed in a structural framework relative to one another. If the components are phase-separated, then the resultant framework is termed a composite. Thus in the Cu-Bi-O ternary system, composites of CuBi 2 O 4 can be formed with either of its components, CuO or Bi 2 O 3 [22] . Both neat CuO and Bi 2 O 3 as well HOSSAIN et al. [22] . Figure 7a shows the progressively lighter hue from pure CuBi 2 O 4 , the three composites, culminating in white coloration for pure Bi 2 O 3 . The corresponding spectral profiles are contained in Fig. 7b . As the Bi 2 O 3 amount increased in the composites, the spectrum progressively blue-shifted (i.e. from the visible to the UV wavelength range) towards the Bi 2 O 3 end.
The data in Fig. 7 signal an important hallmark of composites, namely the data signatures from them are a superposition of those corresponding to their components, and two distinct phases can be identified. In contrast, in a solid solution (or an 'alloy'), the constituents lose their individual identity via mixing at a molecular level, and resulting in a single-phase material. This happens when the ionic (or atomic) radii of the individual components are within ~15% of one another such that substitution of one atom (or ion) with another at a given lattice site becomes feasible. Metal alloys are very well known and so are solid solutions of chalcogenides, phosphides, or arsenides in various technological contexts. Metal oxide solid solutions are less well studied; solid solutions of two ternary oxides are even less commonplace. This is exemplified by the Cu-Fe-Cr-O system where these new materials were prepared via SCS via simple compositional tuning of the precursor mixtures [4] . Both the lattice parameter (Fig. 8) and the optical band gap value systematically varied [4] , in line with Vegard's law [57] . For more details, Ref. 4 may be consulted (see e.g. Fig. 5 in it) .
The phenomenon of doping largely derives its importance from the microelectronics industry. Doping refers to the controlled introduction of trace amounts of a foreign ('dopant') species into the host lattice framework. Like in the solid solution case, doping also results in a single-phase material but unlike in a solid solution, the foreign species are present at very small levels (parts per million or less) such that perturbation of data signatures (e.g., XRD profiles) can only be resolved by careful work. On the other hand, the optoelectronic perturbations of doping are rather significant (and easily discerned) and lead to their importance in various applications. Many instances of doped metal oxide samples derived from solution combustion exist in the literature, and these will be discussed in the next and final section in this article.
PHOTOELECTROCHEMICAL AND PHOTOCATALYTIC APPLICATIONS OF SCS-DERIVED COMPLEX OXIDES
In this section, we consider how combustion synthesized complex oxides have fared in photoelectrochemical or photocatalytic applications. The distinction between the two has to do with the underlying thermodynamics of the photoconversion process. In photocatalytic processes, the radiation serves to speed up an intrinsically sluggish spontaneous reaction such as hydrocarbon (e.g., phenol) oxidation or metal ion (e.g., hexavalent chromium) reduction. On the other hand, photoelectrochemical processes such as the splitting of water (into H 2 and O 2 ) or the reduction of CO 2 are intrinsically non-spontaneous. Table 3 compiles instances wherein combustion-synthesized ternary oxides have been deployed for the photocatalytic degradation of an organic dye. In general, the oxides derived from SCS have a higher surface area than counterparts synthesized from ceramic, solid-state reaction (SSR) routes; and this factor is reflected in the much higher photoactivity of the SCS oxides. Thus the photodegradation of MB using SCS-CuFe 2 O 4 reached almost 100% in 30 min while only 25.9% was degraded using SSR sample in the similar conditions [23] . This can be rationalized on the small particle size (SCS: 100 nm, SSR: 1-3 μm), and consequently, higher surface area of the SCS sample (SCS: 79.3 m 2 /g, SSR: 2.2 m 2 /g). A similar trend was seen for SCS-Bi 2 WO 6 and SCS-AgBiW 2 O 8 compared to their SSR counterparts [56] .
Composites containing ternary oxides and prepared via SCS, have been tested for their photocatalytic dye degradation capability. Table 4 shows a list of these composites and their dye degradation capability. In all the cases, the composite outperformed its components; compare Columns 8, 9, and 10 in the compilation below.
Data are also available for doped oxides derived from SCS and their use in Photocatalytic dye degradation scenarios; Table 5 collects this corpus of data.
In contrast to the rich body of examples of photocatalytic applications, corresponding examples of photoelectrochemical water splitting or carbon dioxide reduction using SCS samples are rather limited. Although BiVO 4 is primarily an oxygen evolution photocatalyst, recently, high surface area BiVO 4 was synthesized using SCS and reported to be very active toward hydrogen evolution [44] . Thus, nanoparticles of SCS-BiVO 4 were able to generate 195.6 mmol/h of H 2 from water-ethanol mixture [44] . Pt-modified SCS-AgBiW 2 O 8 was investigated for the photoelectrochemical conversion of CO 2 and found to be able to generate syngas from formic acid [56] .
LaVO 4 /BiVO 4 composites using SCS were evaluated for photoelectrochemical hydrogen generation [47] [47] . High resolution TEM images showed intimate physical contact of LaVO 4 and BiVO 4 in the composite matrix facilitating vectorial charge transport and thus enhancing the photoelectrochemical activity.
CONCLUSIONS
The examples given above in this perspective article ought to have amply demonstrated the virtues of combustion synthesis as a viable technique for the preparation of complex oxides for photoelectrochemical and photocatalytic applications. While serving as a useful review for seasoned practitioners, hopefully, this article will be helpful to new entrants to this field as a sampling of the exciting possibilities ahead in materials discovery and use. 
